The DNA strand scission induced by Fe(II) in a citrate buŠer solution and the eŠect of (-)-epigallocatechin gallate (EGCg) were kinetically analyzed. The rate of consumption of dissolved oxygen by Fe(II) in each of these solutions was measured and paralleled that DNA scission. Coordinated EGCg accelerated these reactions. Curves of the time-course characteristics of DNA scission were simulated by using the rate constant of oxygen consumption and by assuming that scission with the hydroxyl radical (OH), which was formed from the dissolved oxygen, proceeded competitively with the scavenging of OH by citrate, Cl -ions and EGCg added. Free EGCg acted as a DNA scission inhibitor to scavenge OH, in contrast to the case of the coordinated one. This analysis is useful for estimating the rate constant of the reaction between an antioxidant and OH, and might provide a new method for measuring the OHscavenging activity.
Green tea catechins have various pharmacological activities as anticarcinogenic, 1) antimutagenic, 2) and antibacterial agents.
3) Many of these eŠects are attributable to antioxidative, namely radical scavenging, activity. 4, 5) We have reported that a tea percolate and (")-epigallocatechin gallate (EGCg), the most abundant component of tea catechin, had a strongly protective eŠect on radiation-induced scission of DNA which was attributable to the activity to scavenge the hydroxyl radical (OH) produced by the decomposition of water molecules. [6] [7] [8] However, such antioxidants as reducing sugars and reductons are known to act as prooxidants in some cases, L-ascorbic acid being one typical example. [9] [10] In the case of tea catechins, some investigators have reported the generation of singlet oxygen 11) and H2O2 12) through autoxidation. Hayakawa et al. have examined the action of tea catechins as a prooxidant in the presence of various metal ions and reported that Cu(II) complexes with (")-epigallocatechin (EGC) and EGCg induced DNA scission. 13, 14) One of the current authors has shown that OH was generated from these systems by a spin trapping method. 15) However, the Fe(III)-tea catechin system did not show any remarkable prooxidative activity. In contrast to Fe(III), Fe(II) acts as a prooxidant, 16) induces DNA scission, 17) and forms a strong OH generating system in combination with H2O2, known as the Fenton reaction. Hiramoto et al. have examined the eŠect of EGC and EGCg on the Fenton reaction and concluded that these tea catechins acted to stimulate the generation of OH. 18) In this paper, we present a new method for measuring the OH scavenging activity of antioxidants by a simulation analysis of the DNA scission curves and clarify the bilateral eŠect of EGCg on the Fe(II)-induced scission of DNA.
Materials and Methods
Preparation of DNA. Plasmid pUC 18 DNA (2686 bp, 1.6×10 6 dalton) was separated from E. coli by the method reported in ref. 19 . E. coli HB101 containing plasmid pUC18 was grown overnight in an NZCYM medium containing 20 mg W ml of Ampicillin at 379 C while vigorously shaking. The plasmid was extracted by the boiling lyses method, and closed circular (CC) form of DNA was enriched by equilibrium centrifugation with a CsCl-ethidium bromide gradient. Assay of the survival ratio of the CC form of DNA. The experiment on DNA scission was carried out in a microtube at 298 K. Various amounts of the Fe(II)-citrate stock solution were added to the SSC buŠer solution containing DNA. The total volume of the solution was adjusted to 120 ml, and theˆnal concentrations of DNA and Fe(II) were 6.0×10 "9 and (2.5-10)×10 "5 M, respectively. At deˆned times (2, 4, 6, 8, 10, 12, 14, 16, 18, 20 and 30 min) after the addition of the Fe(II)-citrate stock solution, 10 ml of the reaction solution was removed and mixed with 2 ml of a dye solution (50z sucrose and 0.1z bromophenol blue). This solution was then immediately subjected to agarose gel electrophoresis to avoid any oxidation. The electrophoresis was run at 50 V W cm by using a Mupid-2 Mini-Gel Electrophoresis Unit (Cosmo Bio Co. Ltd.). After electrophoresis, the gel was immersed in an aqueous ethidium bromide solution (1 mg W ml) for 10 minutes, before the DNA band was visualized by UV irradiation. After a photograph of the gel had been taken, the degree of darkening of the band on theˆlm was measured with a scanner, and the total intensity of the darkening was calculated with NIH image (Ver. 1.55) software. The survival ratio of the closed circular form of DNA was calculated by using the following equation proposed by Lloyd et al.: 19) Ratio of survival of the CC form (z)
( 1) where ( The experiments for examining the eŠects of EGCg and DMPO were carried out in the same way, the relevant concentrations being described in eachˆgure caption.
Simulation of the time-course characteristics of DNA scission. Equation 6 in the Results and Discussion section was modiˆed as follows:
where, k ox is the rate constant deˆned in Eq. 
Results and Discussion

Measurement of the consumption of dissolved oxygen
The prooxidative activity of reducing agents usually accompanies their oxidation by dissolved oxygen. This means that the dissolved oxygen is consumed; therefore, the rate of consumption of dissolved oxygen wasˆrst measured. The time-dependent change in the concentration of dissolved oxygen after injecting Fe(II) in the SSC buŠer solution is shown in Fig. 1 . The oxygen was rapidly consumed at a rate that depended on the amount of Fe(II) added. The reaction in this system is considered to have proceeded as shown in Eq. 2. Here, Fe(II) seems to have existed as a complex, so it is denoted as Fe(II)com. The reaction rate is then shown by Eq. 3: 
where kox is the second-order rate constant of the reaction between Fe(II) and the dissolved oxygen. We carried out theˆtting of the curves in Fig. 1 Next, the time dependence of the change in the concentration of dissolved oxygen after injecting Fe(II) in the SSC buŠer solution containing various amounts of EGCg was measured. The results are shown in Fig. 2 . It was also possible to analyze the data as a second-order reaction, and the apparent second-order reaction rate constant, kox,app, was calculated. These values depended on the EGCg concentration as shown in Fig. 3 . Considering the formation constant of the Fe(II)-citrate complex and the concentration of citrate used in this experiment, it is certain that Fe(II) existed as a complex and not as free ions. Therefore, it is natural to conclude that the dissolved oxygen was consumed by the Fe(II)-citrate complex in the buŠer solution without EGCg. The change of kox,app in Fig. 3 can be explained by EGCg having stronger activity to coordinate Fe(II) than does citrate, so the exchange of the ligand from citrate to EGCg occurred rapidly upon the addition of EGCg. In other words, the coordination with Fe(II) was a competitive reaction. As the amount of EGCg increased, the Fe(II)-EGCg complex became predominant, the rate of oxygen consumption by Fe(II)-EGCg being larger than that by Fe(II)-citrate. Both complexes consumed oxygen independently, so k ox,app becomes a weight-averaged value and increased with the amount of EGCg. However, it is possible that a mixed complex was formed at low concentrations of EGCg. Besides, it is uncertain how many kinds of species were formed between the ligand and Fe(II). These points seem to explain the convex displacement of the curve from the line in Fig. 3 .
Assay of the survival of the CC form of DNA Figure 4 shows the eŠect of Fe(II)-citrate on DNA scission. In this experiment, the quantity of Fe(II) was far smaller than that in the experiment shown in Fig. 1 and, therefore, the consumption of dissolved oxygen was negligible; that is to say, [O2] was con- stant. The CC form of DNA decreased exponentially with time after the addition of the Fe(II) citrate solution to the DNA solution. The rate in the early stage increased as more Fe(II) was added. In addition, the percentage survival appeared to converge depending on the amount of Fe(II) used. The similarity between Figs. 1 and 4 suggests that the active species responsible for DNA scission was formed rapidly from the oxygen consumed by the Fe-citrate complex. In this case, however, the quantity of Fe(II) was smaller than that of the dissolved oxygen, so the quantity of the active species formed was determined by the concentration of Fe(II) used which parallels the amount of broken DNA. Therefore, DNA scission stopped when all the Fe(II) had disappeared, and the curves in Fig. 4 converged at certain points.
The DNA scission by Fe(II) in the SSC buŠer containing various amounts of EGCg is shown in Fig. 5 . The results show that the rate of DNA scission at the early stage increased with the amount of EGCg. This is the same trend as that in Fig. 2 . Therefore, EGCg accelerated the consumption of dissolved oxygen and, as a result, the formation of reactive species was also accelerated. Another characteristic is that each curve converged at the same point. The quantity of Fe(II) was the same in all the solutions, so this result again shows that the quantity of the active species was determined by the concentration of Fe(II) used.
We surmised that any reactive oxygen species that was responsible for the DNA scission would have been formed from the consumed oxygen. Therefore, we examined the eŠect of superoxide dismutase (SOD) and catalase on the DNA scission. SOD had no eŠect, but catalase inhibited the scission (data not shown), showing that H 2 O 2 must have been involved. However, H2O2 is not reactive enough to break DNA, so the species responsible for the scission is considered to have been OH derived from H2O2. The spin trapping agent, DMPO, eŠectively traps OH; in other words, DMPO is a scavenger of OH and seems to act as a protective agent against scission. Figure 6 shows the eŠect of DMPO, which clearly suppressed DNA scission depending on the concentration. This proves that OH was really the DNA-breaking species.
It is of interest how OH was formed from the coordinated O2, and we present here a hypothesis for this mechanism. OH is known as a reduced product of O2 with three electrons, and O2
" and H2O2 are formed in the course of this reduction. As already stated, the similarity between the rate of consumption of dissolved O2 and the rate of DNA scission suggests that OH was instantly formed from coordinated O2. The free Fe(II) ion can donate only one electron, changing it to Fe(III). However, the reducing agents, citrate and EGCg, act as ligands in these solutions and can donate several electrons. Therefore, Fe(II)-citrate and Fe(II)-EGCg complexes seem to have the capacity to donate three electrons to coordinated O2.
If this is the case, one OH would be formed instantly from one Fe(II) complex just after O2 was coordinated with it. However, this does not mean that OH would be liberated into the solution from the complex. We consider that the coordinated O2 changed rapidly into H2O2 in the Fe(II) complex by two-electron donation. However, the H2O2 molecule would stay in the complex and liberate OH via theˆnal electron donation only when the acceptors of OH, namely DNA or antioxidants, collided with the complex. In this scheme, SOD cannot act as an inhibitor of DNA scission because O2 " does not exist in the sys- tem, but catalase might be able to scavenge H 2 O 2 in the Fe(II) complex. However, the mechanism for the formation of OH is still not evident. Our hypothesis of three-electron donation to the Fe(II) complex is not unequivocal. If this was the case, however, the rate of generation of OH (V OH ) must be equal to the rate of consumption of dissolved oxygen. Therefore, the following equation can be derived from Eq. 3:
Some of the OH produced in this way would act to break the DNA (CC form). The rest would be scavenged by various substances such as the free citrate ion, Cl " ion, DNA (OC form) and the scavenger added. These scavenging reactions would proceed competitively, so the ratio eŠective for DNA scission (RDNA) can be written as follows:
here, kDNA, kcit and kCl" are the second-order rate constants between OH and DNA, the citrate ion, and Cl " , respectively. The sum, [DNACC]+[DNAOC], is constant and equal to the concentration of DNA used. RDNA is independent of [OH], so it is not necessary to know [OH] . As OH is highly reactive, the radical generated from the Fe(II) complex would be instantly consumed. In this case, the rate of the reaction of the OH would be equal to the rate of generation. Therefore, the rate of DNA scission (the rate of the change of the CC form) can be written by using Eqs. 4 and 5 as follows:
We tried simulations based on Eq. 6, using the values for kox obtained from the data in Fig. 1 and other rate constants reported in the literature: k cit ＝ 5.0×10 kCl"＝2.0×10
7 M "1 s "1 .
21)
The continuous lines in Fig. 4 were calculated with kDNA＝ 9.4×10 10 M "1 s "1 . Fairly good agreement is apparent, showing that this treatment was reasonable. Next, the reaction rate constant (k DMPO ) between DMPO and OH was obtained from the data in Fig. 6 . As DMPO acts as an OH scavenger, a new term, kDMPO[DMPO], must be added to the denominator of Eq. 5. The continuous lines in Fig. 6 were calculated with k DMPO ＝2.0×10 9 M "1 s "1 . This value is identical to that measured by spin trapping, 22) although a diŠerent method was applied. Therefore, it is conclusive that DMPO acted as an OH scavenger.
Finally, the role of EGCg was re-examined in detail. EGCg is well known as a radical scavenger, but it acted as an accelerator of OH generation in Fig. 2 . This is because all the EGCg molecules coordinated with Fe(II) and helped with electron donation to the coordinated O2. However, if a large amount of EGCg were to be added and free EGCg molecules can exist in the solution, it can be expected that it would act as a scavenger of OH generated from the Fe(II)-EGCg complex. Figure 7 shows the results when more than two times as much EGCg as Fe(II) was added. It is clear that DNA scission was suppressed as the amount of EGCg was increased. The continuous lines are simulated curves calculated by assuming that one EGCg molecule can coordinate with a Fe(II) ion and the rest of the EGCg is free. The parameter, kox, was set at 110 M "1 s "1 , the value for the sample containing Fe(II) and EGCg at a ratio of 1:1 in Fig. 2 However, two problems remained. One was that the rate of scission in the early stage was too rapid and, therefore, each line reached a plateau, theˆnal value before meeting a measured point. This made it impossible to conˆrm the propriety of kox,app. The other problem was the number of coordinating EGCg molecules. In the analysis, all the EGCg molecules added were thought to coordinate with Fe(II) and free EGCg did not exist. This was reasonable because the ratio of EGCg to Fe(II) was less than one, and it has strong coordinating activity. However, as the coordination number of Fe(II) is six, it might be that more than two EGCg molecules could coordinate with Fe(II) and the number would change depending on [EGCg] . For the sample (%) in Fig. 7 , 40-times as much EGCg as Fe(II) was used, and the value, k EGCg ＝1.6×10 10 M "1 s "1 , was calculated. In this case, the value changes only a few percent, even if we assume that two EGCg molecules can coordinate with Fe(II). Therefore, the value obtained above is reliable enough. This result clariˆes the bilateral role of EGCg, namely as an accelerator of OH generation and inhibitor of DNA scission. In addition, the value of kEGCg shows that the reaction between EGCg and OH was very rapid and, therefore, diŠusion-controlled.
The results and discussion enable the following conclusions to be obtained. Dissolved oxygen was coordinated with the Fe(II) complex and changed into OH. DNA scission was induced by this OH, and the rate of scission was determined by the rate of coordination of O2, namely the rate of consumption of dissolved oxygen. EGCg acted bilaterally depending on the concentration; coordinated EGCg was an accelerator and free EGCg an inhibitor of DNA scission. This kinetic analysis seems eŠective for simultaneously examining the antioxidative and prooxidative activities of various substances.
